Allicin (allyl 2-propenethiosulfinate), an antibacterial principle of garlic, has drawn much attention, since it has potent antimicrobial activity against a range of microorganisms, including methicillin-resistant Staphylococcus aureus. There have been many reports on the antibacterial properties of allicin, but no quantitative comparison of antibacterial activities between freshly prepared garlic extract and clinically useful antibiotics has been performed. To verify the substantial antibacterial effect of aqueous garlic extract, we compared it with those of allicin and several clinically useful antibiotics using two representative bacteria commonly found in the human environment, Gram-positive S. aureus and Gram-negative Escherichia coli. The garlic extract had more potent anti-staphylococcal activity than an equal amount of allicin. In terms of antibiotic potency against Gram-positive and Gram-negative bacteria, authentic allicin had roughly 1-2% of the potency of streptomycin (vs. S. aureus), 8% of that of vancomycin (vs. S. aureus), and only 0.2% of that of colistin (vs. E. coli). The antibacterial activity of allicin was completely abolished by cysteine, glutathione and coenzyme A, but not by non-SH-compounds. The oxygen in the structure (-S(=O)-S-) of allicin therefore functions to liberate the S-allyl moiety, which might be an offensive tool against bacteria.
Garlic (Allium sativum L.) is one of the oldest vegetables, and it has also been used as a medicinal plant. 1) Especially, because garlic has strong antimicrobial activity and a strong odor, people used to use garlic to preserve meat and fish for as long as possible and to mask the smell of their sometimes rotting foods. Historically, the antimicrobial activity of garlic was recognized by Louis Pasteur (1822-1895), who used garlic juice to treat infections, and Albert Schweitzer , who treated amoebic dysentery only with garlic. 2, 3) Since the discovery of penicillin by Alexander Fleming in 1928 and the determination of its active structure by Howard Florey and Ernst Chain in the 1940 s, 4) leading to its worldwide use, people no longer favor garlic in medical uses. However, interest in garlic has been revived by the discovery of its antibacterial principle, alk(en)yl thiosulfinates (allicin), by Cavallito et al.
5) The growth of more than 300 kinds of microbes has been found to be inhibited by allicin, 1) and numerous reports have described the antibacterial potential of allicin in comparison with that of clinically effective antibiotic drugs. 6, 7) As one of the advantages of allicin over other antibiotics, it can be easily and cheaply prepared from garlic, and it is known to be effective even against methicillin-resistant Staphylococcus aureus (MRSA). 8) Although the precise interaction between allicin and bacteria has not been clarified yet, it must attack primitive indispensable functions needed for life, so that the bacteria cannot overcome the injury through mutation or metabolic adaptation to allicin. Allicin is known to degrade into several smaller molecules, which then combine to build up stable sulfide compounds with a concomitant release of oxygen. 9) Therefore, a similar mechanism by which leukocytes kill microbes in their phagosomes has been proposed for allicin. On the other hand, recent findings of our anticancer study 10) and of an antifungal study by Ogita et al. 11) indicate that allicin or allicin-derived molecules modify the proteins necessary for cell division or detoxification. As candidates for being modified by allicin, Rabinkov et al. identified SHcontaining enzymes involving alcohol dehydrogenase isolated from Thermoanaerobium brockii. 12) Thus the antibiotic activity of allicin is thought to be attributable to either the oxygen atom or the allylthio moiety released from allicin. 12) In 2003, the cytotoxic and apoptotic activity of allicin was confirmed by Israeli scientists. 13) They conducted animal experiments to generate allicin in situ at the locus of a tumor by injecting a tumor-specific monoclonal antibody-conjugated enzyme (alliinase, a plant enzyme) y To whom correspondence should be addressed. Tel/Fax: +81-466-84-3949; E-mail: tseki@brs.nihon-u.ac.jp Abbreviations: HPLC, high-performance liquid chromatography; S. aureus, Staphylococcus aureus; E. coli, Escherichia coli; NB, nutrient broth; LC, liquid chromatography; MS, mass spectrometry; SH-, sulfhydryl group; CoA, coenzyme A; MRSA, methicillin-resistant S. aureus in advance of injection of alliin, and succeeded in killing 97% of the tumor cells.
Here we re-evaluated the antibacterial activity of ordinary aqueous extracts of garlic and authentic allicin in comparison with that of clinically useful antibiotics. We clarified at least one aspect of garlic chemistry: allicin loses its antibiotic activity entirely when reacted with an SH-containing compound such as cysteine, glutathione, or coenzyme A.
Materials and Methods
Antibiotic drugs. The antibiotic drugs used were the following: streptomycin (streptomycin sulfate ''Meiji''), purchased from Meiji Seika (Tokyo), vancomycin (vancomycin hydrochloride KLJ-4787), and colistin (colistin sulfate TSM-1269), both from Wako Pure Chemicals (Osaka).
Quantification of allicin. Allicin was quantified by a method described previously. [14] [15] [16] [17] Briefly, chromatographic analysis was performed using a C18, MG-II (5 mm, 4:6 mm' Â 250 mm) column (Shiseido, Tokyo), a LC-10AT pump (Shimadzu, Kyoto), a Chromato-PRO data integrator (Run Time Instruments, Kanagawa), and a UV monitor (655A, Hitachi, Tokyo). The eluent was 0.02 M phosphate buffer (pH 6.5) containing acetonitrile and 1, 4-dioxane in a ratio of 7:1:2, and the flow rate was set to 0.5 ml/min. The eluted allicin was detected at 220 nm, and was quantified by comparing the peak area produced by authentic allicin with that of garlic extracts. The allicin content in the garlic extracts was determined by three independent experiments involving 3-4 runs of chromatography. Authentic allicin (allyl 2-propenethiosulfinate) was purchased from LKT Laboratories (St. Paul, MN) as a preparation with 99.39% purity, and was kept at À70 C until used.
Preparation of aqueous garlic extracts. Garlic (Allium sativum L., Fukuchi White, grown in Aomori) was obtained at a market, stored at 4 C, and used in analysis within 30 d. The allicin was extracted from 10 g of garlic cloves using a utility electric vegetable crusher (TK-102, Tescom, Tokyo). After crushing, 10 ml of water was poured into the crusher, and the juice and debris of the garlic were collected into a centrifuge tube. The tube was allowed to stand for 10 min at room temperature, and then was centrifuged at 5,500 rpm (3;700 Â g) for 5 min. The resulting supernatant was analyzed for antibacterial activity and allicin content, as described below. The experiments were performed at room temperature (23) (24) (25) C) unless otherwise stated.
Assay of antibacterial activity. The bacteria used were Grampositive, methicillin-sensitive Staphylococcus aureus NBRC 12732, and Gram-negative Escherichia coli C600 (genotype: F À , thi-1, thr-1, leuB6, lacY1, tonA21, supE44, À ), kindly provided by Dr. R. Takahashi of Nihon University. These bacteria were cultured for 24 h at room temperature on an agar plate prepared from nutrient broth (NB, pH 7.0) containing 1% polypeptone, 1% meat extract, and 0.5% NaCl, and the colonies that formed were picked up twice with a platinum loop and uniformly inoculated onto the surface of agar plates (20 ml agar/9 cm petri dish) with a sterilized cotton stick. Then 50 ml of garlic extract or another sample to be tested was put on a sterilized paper disc (8 mm in diameter, EB-101, Toyo Roshi, Tokyo), and the disc was placed on the bacteria-inoculated plate. After incubation at 37 C for 24 h, the zone size was measured.
The effect of sulfhydryl (SH-) compounds on the antibacterial activity of allicin was also assayed by the agar plate-disc method. The SH-compounds were dissolved in water to concentrations from 0 to 60 mM, and then combined with an equal volume of aqueous garlic extract containing about 30 mM allicin. An aliquot of 50 ml of the combined solution was applied to the disc, as described above.
Liquid chromatography (LC)/MS/MS. LC/mass spectrometry was performed using a Waters Acquity Ultra Performance LC system and a Quattro Premier XE MS system with a 50 mm Â 2:1 mm' column of Acquity BEH C18 (1.7 mm; Waters, Milford, MA). A sample volume of 5 ml was injected with an autosampler. The mobile phase was composed of solvent A (0.1% formic acid in water) and solvent B (methanol), and was introduced at a constant flow rate of 0.2 ml/min. The gradient was programmed to increase the amount of B from an initial 30% B to a final 100% B in 7 min. MS/MS was performed using a positive ion-mode electrospray. In the analysis of the combined material of allicin-cysteine, a loading cone voltage of 20 V, a capillary voltage of 3.5 kV, and, a collision voltage of 25 V were used. For allicin-glutathione, the respective voltages were 30 V, 2.5 kV, and 20 V.
Results

Quantification of allicin
Authentic allicin produced a single peak on the chromatogram obtained by HPLC (Fig. 1A) . It was determined by MS analysis to be allicin (allyl 2-propenethiosulfinate) from its protonated molecular ion peak with m=z 162.8 (data not shown). The detailed identification of allicin was described previously. 16, 17) The standard curve for various amounts of authentic allicin gave a straight line with a correlation coefficient of r 2 ¼ 0:9894 at allicin concentrations of less than 2.0 mg/ml (Fig. 1B) .
The amount of allicin in the freshly prepared aqueous extracts made from 10 bulbs of garlic was 1:32 AE 0:43 mg/ml, equivalent to 217 AE 72 mg/100 g of fresh garlic and comparable to the amount reported by Lawson et al. A, The HPLC pattern of authentic allicin, eluted at 26 min as a single peak. The insert shows the structure of allicin as determined by LC/MS/MS, as described in our previous paper. 16, 17) B, Standard curve of allicin drawn by analyzing authentic allicin. Each plot was obtained through 3 runs of HPLC, and all the data were averaged. The amounts of allicin and their peak areas were well correlated (r 2 ¼ 0:9894).
Antibacterial potential
Next, we compared the antibacterial potential of garlic extracts and authentic allicin with those of clinically effective antibiotic drugs. For all of the antibiotic substances examined, their concentrations and activities were well correlated, and they gave straight lines when concentrations were plotted against the zone of inhibition on a semi-logarithmic scale (Figs. 2 and 3). As judged from the lines formed, the anti-staphylococcal activity of a given amount of allicin in an aqueous garlic extract was about 2-fold higher than that of the comparable amount of authentic allicin (Fig. 2) . The anti-staphylococcal potentials of streptomycin and vancomycin were about 60-and 10-fold stronger respectively than that of authentic allicin.
As for anti-escherichia activities, aqueous garlic extract and authentic allicin were very close to each other in their concentrations and activity relationships at about 1 mg/ml (6.2 mM) for their allicin concentrations. Especially, the activity of the garlic extract was weaker for E. coli than for S. aureus (Figs. 2 and 3 ). These differential effects of the garlic extract strongly suggest the presence of a third component specifically effective against S. aureus, but it remains to be determined whether the extract has a novel antibacterial substance, or just affords a more suitable condition for the killing of S. aureus by allicin. Since both streptomycin and colistin, the latter a Gram-negative bacterium-selective agent, were effective against E. coli at a concentration of 0.1 mg/ml (0.2 mM) or less, the difference in antibacterial activities between allicin and these drugs was more pronounced in the case of the Gram-negative bacterium. Colistin was determined to be effective even at a concentration as low as 10 mg/ml (3.5 mM); however, the slope of its curve for the concentration/activity relationship was lower than that of streptomycin. This difference must be due partly to the larger molecular size of colistin (molecular weight, 2,797) as compared with the size of streptomycin (molecular weight, 581), and the radial diffusion of colistin in the agar must be confined to a small area around the disc containing the agent.
Sulfhydryl compounds canceled the antibacterial activity of allicin
The antimicrobial activity of allicin has been ascribed to disruption of the SH-status of microbes. 5, 18) Here we found that the SH-group of bacteria is a pivotal target for allicin.
The anti-staphylococcal and anti-escherichia effects of allicin were completely cancelled by the addition of an SH-compound, cysteine or glutathione (Fig. 4) . These compounds inhibited allicin at about equimolar concentrations, suggesting that their interaction occurs on a one-to-one molar basis between the SH-group of the compounds and a molecule of allicin or an allicinderived structure. As can be seen in Fig. 5 , the fully circled zone of inhibition produced as a result of the anti-staphylococcal effect of allicin was distorted by an SH-compound-containing filter disc that had been placed close to the allicin-containing disc. All the SHcompounds tested, cysteine, glutathione, and coenzyme A, exhibited a blocking effect and deprived allicin of its antibacterial power, whereas non-SH-compounds, e.g., glycine, alanine, and even methionine, did not affect the inhibitory zone-forming activity of allicin. As a matter of course, 5% bovine serum albumin and even human plasma did not block this activity of allicin, suggesting that the population of free SH-groups in the protein samples used was much smaller than that of the SHcompounds.
Identification of thioalkenylated SH compounds
Next we tried to determine how allicin is changed in structure by these SH compounds and loses its activity. For this purpose, we analyzed the substances formed in a solution containing allicin and cysteine or glutathione using a C18 column, as described in a ''Materials and Methods.'' A combined solution of allicin and cysteine in an equimolar ratio (10 mM:10 mM) gave chromatographic peaks of allicin at 30 min and the cysteine at 5.1 min as their retention times (Fig. 6A) . After incubation for 2 h at room temperature, the allicin content decreased, and in turn a substance having a peak at 9.5 min increased markedly in content (Fig. 6B) . Similarly, in the solution containing allicin and glutathione, allicin (peak at 30 min) decreased, and the substance at 13.4 min increased (Fig. 6C and D) . A and B, In combined solutions of authentic allicin (37 mmol/ml) and cysteine (0-50 mmol/ml), allicin's activity was abolished by cysteine dose dependently. C and D, Allicin was also inhibited by GSH (0-50 mmol/ml) dose dependently. The difference in zone sizes produced by allicin (37 mmol/ml) for anti-staphylococcal (A and C) and anti-escherichia activities (B and D) can be seen by referring to the ordinate scales. The solvent used in this experiment was 10 mM phosphate-buffered saline, pH 7.4. Each point in the plots represents the mean AE SD, n ¼ 3.
The substances thus generated in solutions containing allicin and either SH compound were analyzed by the MS/MS system, and they were found to be conjugates between the SH compound and a fragment from allicin. As shown in Fig. 7A , MS analysis of the substance (see the peak at 9.52 min in Fig. 6B ) produced by the combination of allicin and cysteine showed that it had m=z 193.9 as its ion peak (Fig. 7A) , and by the second MS analysis, its daughter fragment ion having m=z 72.9 was obtained (Fig. 7B ). Since this fragment is thought to be a cationized allylthio group (CH 2 =CH-CH 2 -S), the ionized molecule at m=z 193.8 is perhaps possibly a substance called S-allylmercaptocysteine (see the inserted structure in Fig. 7A ).
12)
The MS/MS patterns of the substance generated by allicin and glutathione (see Fig. 6D , the HPLC peak at 13.49 min) gave an ion peak at m=z 380.4 and daughter peaks including a peak at m=z 72.9 ( Fig. 8A and B) . Two filter discs, one containing allicin (30 mmol/ml) and the other the substance to be tested, were placed close each other on the S. aureusinoculated plate, and then the plate was incubated at 37 C for 24 h. Substances producing a distorted zone were taken to be inhibitory. Note that non-SH-containing amino acids (30 mmol/ml), 5% bovine serum albumin, and even human plasma did not distort the zones of inhibition produced with allicin. A and B, Combination of allicin and cysteine (Cys). Allicin (A, peak at 30.92 min) decreased at 2 h after incubation at room temperature, and a new substance (B, peak at 9.52 min, see arrow) was produced. C and D, Combination of allicin and glutathione (GSH). The respective peak (C, allicin at 30.84 min and GSH at 5.54 min) decreased under incubation for 2 h, and a substance peak at 13.49 min (D, see the arrow) was generated.
Hence we identified the substance as allylthiolated glutathione (see the inserted structure in Fig. 8A ), which is known as S-allylmercaptoglutathione.
The antibacterial activity of allicin and its loss following treatment by SH compounds strongly suggest that the molecular target of allicin, or more precisely the allylthio fragment liberated from allicin, consists of SH-containing components in bacteria. Hence allicin loses its antibacterial activity when its split product, the allylthio group, is trapped by SH compounds.
Discussion
Garlic has been studied by many investigators, and one of the greatest findings is that garlic has no remarkable essential oil in it, but has the potential to generate an odoriferous and irritating colorless oil called allicin. 19, 20) Allicin was later demonstrated to consist of complexes of S-alk(en)ylthiosulfinates, in which allyl 2-propenethiosulfinate comprises about 70% of all of the sulfinates as the main compound. 18) In 1944, Cavallito et al. found that allicin possessed strong antibacterial activity against both Gram-positive and Gram-negative bacteria. 19) Their subsequent finding that this activity can be attributed an interaction between allicin and SH containing enzymes, ones susceptible to oxidation, has been confirmed. As to garlic chemistry, Block et al. presented in detail the fate of organosulfur compounds originating from alliin (S-allyl cysteine sulfoxide). 9) However, the chemical interactions operating between garlic-derived allicin and bacteria and between allicin and an animal or its cells have not been clarified as yet.
In the present study, we determined the allicin content of freshly prepared aqueous garlic extracts by HPLC using authentic allicin as the standard for quantification. The allicin content of the garlic extracts thus measured was somewhat different from bulb to bulb, but high reproducibility was obtained from a single bulb of garlic (data not shown).
The antibacterial activity of aqueous garlic extracts is derived mostly from the allicin in it, in agreement with the classical findings of Cavallito et al. 19) and those made about 50 years later by Hughes and Lawson.
18)
The reason the anti-staphylococcal activity of allicin in garlic extracts is superior to that of an equivalent amount of authentic allicin is not yet fully explained. However, garlic extract contains sulfinyl compounds other than allicin (allyl 2-propenethiosulfinate), which we quantified by HPLC, 16, 17) and thus these additional components should affect the anti-staphylococcal activity of allicin in an additive fashion. On the other hand, it is probable that garlic extract contains a component affording a condition under which allicin can more efficiently attack S. aureus.
Compared on a weight basis, the antibacterial powers of the allicin and freshly prepared aqueous garlic extract A, MS pattern giving a molecular ion, m=z 193.9, corresponding to allyl thiolated glutathione (see the inserted structure). B, MS pattern of daughter ions derived from the parent ion. Note that it involves the fragment ion m=z 72.9, corresponding to the allylthio group of allicin.
were clearly weaker than those of the antibiotics streptomycin, vancomycin (for Gram-positive S. aureus), and colistin (for Gram-negative E. coli). The inhibitory concentration that we obtained for the allicin in the garlic extract was comparable to that reported by De Wet et al. 21) Using an aqueous garlic extract at a concentration 0.5 g/ml and Campylobacter and Helicobacter as test species, they obtained clear inhibition zones with 100 ml of extract. 21) As one of the characteristics of allicin is that the combination use of it with antibiotics results in partial or total synergism. [22] [23] [24] However, we failed to obtain such synergism between allicin and streptomycin, vancomycin, or colistin tested against S. aureus and against E. coli. This failure must be due to the solid agar plates used, in which the radial diffusion of two different antibacterial agents was limited to a narrow area in the agar, not permitting an accelerated (synergistic) diffusion of them. To overcome this defect, a liquid medium should be used in place of a solid agar plate.
As for the antimicrobial mechanism of allicin, it has often been observed that allicin modifies SH-containing enzymes such as alcohol dehydrogenase, thioredoxin reductase, and RNA polymerase. 25, 26) In addition to these enzymes identified in vitro, Ogita et al. found that a fungal protein, alkyl hydroperoxide reductase, is a candidate target protein of allicin. 11) Treatment of Saccharomyces cerevisiae with allicin made this protein insoluble in detergent, and the fungus became intolerable to toxic copper ions. 11) Taken together, the available data indicate that allicin reacts with the SH group of proteins and amino acids and that, especially with the latter, allicin forms S-allyl derivatives. 12, 27) Recently, we observed by LC/mass spectrometry that the S-allyl moiety, a split fragment of diallyl trisulfide, oxidatively modified cysteine residues of -tubulin isolated from the porcine brain, and gave a cysteinyl-SS-allyl structure for each cysteine group, viz., S-allylmercaptocysteine.
10)
Disruption of the microtubule network in HT-29 human colon cancer cells by diallyl trisulfide is abolished in the presence of SH-compounds such as cysteine and GSH. 28) However, our present study is the first to show that SH-compounds cancel the antibiotic properties of garlicderived allicin and authentic allicin, and to discuss the molecular interaction of allicin with intra-and intercellular components.
The fact that cysteine abolishes allicin's antibacterial potential through a binding reaction between the SHgroup of cysteine with the S-allyl moiety (S-CH 2 -CH=CH 2 ) of allicin suggests how it is that allicin attacks S. aureus more effectively than E. coli. The former, Gram-positive, bacterium lacks protein in its cell wall, whereas the latter Gram-negative one has about 9% protein in its wall. 29) In this case, the protein prevents to some extent entry into the cell of the S-allyl moiety cleaved from allicin, and hence the protein-rich E. coli is expected to be less sensitive to allicin than Signal strength ( ) the peptideglycan-rich S. aureus (see values on the abscissas of Figs. 2 and 3) .
The proteins tested, either a 5% bovine serum albumin and human plasma, did not hamper the formation of the antibacterial inhibitory zones obtained with allicin. According to Kolthoff et al., 30) albumin, bovine or human, contains only 0.7-0.8 sulfhydryl groups per molecule. Hence it can be estimated that on a weight basis 600 times more albumin than cysteine is needed to show a comparable inhibitory effect. This finding is important information when one uses allicin in an in vivo experiment. The positive inhibitory reaction between allicin and GSH or coenzyme A also indicate the usefulness of allicin beyond garlic chemistry.
According to Rabinkov et al., both S-allylmercaptoglutathione and S-allylmercaptocysteine can react with SH-containing enzymes such as papain and alcohol dehydrogenase and give the corresponding S-allylmercapto proteins, causing inactivation of the enzymes, 12) but the inhibition of papain by these allicin-derived Sallyl-SS-amino acid compounds is far weaker than with allicin.
12) Our present result showing that SH-compounds abolished allicin's antibacterial activity partly confirm the above in vitro observation of Rabinkov et al.
We have observed that garlic-derived sulfur compounds up-regulate phase 2 detoxification enzymes in rats, 31) and quite recently, Horev-Azaria et al. reported that allicin increases the glutathione level in vascular endothelial cells. 32) Although these reports were not focused on bacteria, we must consider whether garlicderived sulfide compounds confer such a resistance mechanism on bacteria. At present, however, we know that allicin is an effective agent as to MRSA and multidrug resistant E. coli; 26) and as Cutler et al. reported, all 30 of their clinical isolates of MRSA were killed at 256 mg/ml (1.5 mM) the allicin. 8) Thus the antibacterial mechanism by which allicin exhibits its activity through sulfhydryl modification of bacterial proteins not be cancelled even in MRSA, and the role of the oxygen in allicin molecule is not to kill bacteria by itself, but to cleave the own allicin molecule to releasing the bactericidal SH-modifier . S-CH 2 -CH=CH 2 .
Our present findings help in the pertinent use of garlic for antiseptic purposes. An allicin-containing solution having antibacterial efficacy comparable to that of streptomycin can be prepared by a generally accepted method of extraction. In other words, aqueous garlic extracts containing allicin at about 0.5 and 1.0 mg/ml are easily prepared as antibiotics for Gram-positive and -negative bacteria respectively. Such a natural, but effective, antibacterial mechanism based on allicin chemistry be quite helpful in the development of MRSA-effective agents in the near future.
